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Using hydrodynamical simulations for a large set of high-density matter equations of state (EoSs)
we systematically determine the threshold mass Mthres for prompt black-hole formation in equal-
mass and asymmetric neutron star (NS) mergers. We devise the so far most direct, general and
accurate method to determine the unknown maximum mass of nonrotating NSs from merger obser-
vations revealing Mthres. Considering hybrid EoSs with hadron-quark phase transition, we identify
a new, observable signature of quark matter in NS mergers. Furthermore, our findings have direct
applications in gravitational wave searches, kilonova interpretations and multi-messenger constraints
on NS properties.
PACS numbers: 04.30.Tv,26.60.Kp,26.60Dd,97.60.Jd
Motivation and context: With the sensitivity increase
of current gravitational-wave (GW) detectors, observa-
tions of neutron star (NS) mergers will become routine
in the very near future [1, 2]. Also, the identification
of electromagnetic counterparts will succeed frequently
as sky localizations from the GW signal improve, more
dedicated instruments become operational and observ-
ing strategies advance. This includes the radiation from
ejecta in the ultraviolet, optical and infrared wavebands,
so-called kilonovae [3], but also gamma ray, X-ray and
radio emission from relativistic outflows [4].
One of the most basic features of a NS coalescence is
the immediate merger product, which can either be a
black hole (BH) for high total binary masses or a NS
remnant for lower total masses [5–8]. The latter may
undergo a delayed collapse to a BH. Generally, the NS
remnant’s lifetime increases with decreasing total binary
mass [9–16].
Based on the distinction between prompt and delayed
BH formation for systems with different total binary
mass, one can introduce a threshold binary mass Mthres
for direct collapse, which is measurable. The total bi-
nary mass Mtot can be inferred with good precision from
the inspiral GW signal, i.e. the premerger phase 1. The
merger outcome can be observationally discerned either
1 In practice, the chirp mass is measured with very high precision
and constraints on the binary mass ratio are required to obtain
Mtot [1, 17].
by the presence of strong postmerger GW emission from
a NS remnant [18, 19] (absent for direct BH formation)
or from the properties of the electromagnetic counter-
part, which is expected to be relatively dim for prompt-
collapse events because of reduced mass ejection [20–22].
Thus, a number of measurements with different Mtot and
information on the merger product yields Mthres. The
measurement uncertainty essentially depends on how the
detections sample the Mtot range. It should thus contin-
uously decrease with the number of events which allow a
distinction between the possible outcomes.
The threshold binary mass is highly important for the
interpretation of NS merger observations [2, 3, 17, 22–
35]. Moreover, Mthres depends in a specific way on the
incompletely known equation of state (EoS) of NS mat-
ter [8]. Therefore, understanding the EoS dependence
of the collapse behavior is crucial for current and future
constraints on unknown properties of high-density matter
and of NSs, such as their maximum mass [8], radii [36–
38] and tidal deformabilities [13, 39–41]. The prospect to
determine Mmax is very notable, where solid lower lim-
its are currently provided by pulsar measurements [42–
44]. Upper limits are inferred through more elaborated
interpretations of observational data indicating a finite
remnant lifetime, e.g. [22, 45–54]. Estimates of the rem-
nant’s late-time behavior may be subject to considerable
model dependencies. The present paper instead deals
with the threshold for direct BH formation, which leads
to different, relatively strong and clear observational fea-
tures. Apart from implications for high-density matter
physics [55–57], Mmax is also crucial for BH formation in
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core-collapse supernovae and BH physics [58–63].
In this Letter we determine the impact of the proper-
ties of high-density matter on the threshold binary mass
for prompt BH collapse. We go beyond current knowl-
edge in several respects. We consider the so far largest
sample of EoSs to determine Mthres and find new, tight
relations describing its EoS dependence. For the first
time, we systematically determine binary mass ratio ef-
fects on Mthres. Furthermore, we investigate the impact
of phase transitions on the collapse behavior.
We put forward four main applications of our new find-
ings:
1) Along the lines of [8] we devise a more direct,
more general and more accurate method to determine
Mmax from NS merger observations providing informa-
tion about the immediate merger outcome and about the
total binary mass and combined tidal deformability from
the inspiral GW signal.
2) We identify a new signature of a phase transition to
deconfined quark matter in NS mergers. This stresses the
enormous potential of future merger observations [64–85]
to understand the phase diagram of matter in the non-
perturbative regime of finite chemical potentials, which
is not accessible by ab-initio QCD calculations [86, 87].
Currently, it is not known whether the hadron-quark
phase transition takes place at typical NS densities. Iden-
tifying an imprint of the phase transition in merger ob-
servables will thus also provide invaluable insights for
heavy-ion experiments, which will explore the phase di-
agram at such densities and finite temperature (but dif-
ferent isospin) [88–90].
3) Beyond these future prospects, our novel, more gen-
eral relations are directly applicable in detection and
analysis pipelines to quantify the likelihood of a specific
merger outcome and thus for instance GW and kilonova
characteristics [2, 3, 22, 25, 29–33, 91–95].
4) Furthermore, they are key input for current multi-
messenger constraints on NS properties as in [36–41].
See e.g. [22, 25, 26, 29–32, 36–38, 93–95] for concrete
implementations of Mthres dependencies. These appli-
cations can be significantly improved by the findings in
this study. Below we describe our results mostly in the
context of the first two applications.
Simulations and setup: We perform three-dimensional
relativistic hydrodynamical simulations of NS mergers for
a large set of different EoSs of NS matter. For every EoS,
we compute Mthres(EoS; q) for fixed binary mass ratios
q = M1/M2 = 1 and q = 0.7. Masses M1 and M2 of the
individual binary components, Mtot and Mthres refer to
the gravitational mass (for binaries at infinite orbital sep-
aration). Simulations start from quasi-equilibrium cir-
cular orbits a few revolutions before merger, with stars
initially at zero temperature and in neutrino-less beta-
equilibrium. The merger calculations are conducted with
a relativistic smooth particle hydrodynamics code, which
adopts the spatial conformal flatness condition to solve
Mthre
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FIG. 1: Maximum mass Mmax of nonrotating NSs as function
of the threshold binary mass Mthres for prompt BH formation
and combined tidal deformability Λ̃thres = Λ̃(Mthres/2) of the
binary at the threshold for direct collapse. Blue plane shows
a bilinear fit to the data for q = 1. Short black lines visualize
the deviation between fit (blue plane) and data points.
the Einstein field equations [96, 97]. More details on the
simulation tool, comparisons to other codes and resolu-
tion studies can be found in [8, 31, 36, 37, 98–103].
In this study we consider 23 different hadronic
EoSs [61, 104–123], which constitute our “base sam-
ple” and are consistent with astrophysical constraints
from [1, 42, 124]. To enlarge the parameter space, we
optionally supplement those with 8 additional hadronic
EoSs [114–117, 125–128] which are incompatible with
the tidal deformability constraints from GW170817 [1].
Among all these EoSs five models include hyperons. Ad-
ditonally, we consider 9 hybrid models with a first-order
phase transition to deconfined quark matter leading to
a strong softening of the EoS [67, 110, 129–132]. These
models vary in the onset density, the latent heat and the
stiffness of quark matter [67, 85]. Among all 40 EoSs, 26
are fully temperature dependent. The remaining mod-
els are supplemented with an approximate treatment of
thermal effects [100]. We refer to an accompanying pa-
per [103], which provides more details on the simulations
and on the different sets of EoS models and their proper-
ties. We emphasize that our base sample covers well the
full range of viable hadronic models.
Mmax determination: We first consider results for the
base sample of purely hadronic EoSs assuming that in-
dications of a strong phase transition to quark matter
may be independently provided by other observations or
experiments [67, 74, 75, 88, 132]. We further justify this
assumption below by describing a new detectable signa-
ture of a phase transition.
Compiling the data for equal-mass mergers, Fig. 1 re-
veals a tight relation between the maximum mass Mmax
of nonrotating NSs, the threshold binary mass Mthres
and Λ̃thres. The latter is the combined tidal deforma-
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bility of the binary system at the threshold mass, i.e.
Λ̃thres ≡ Λ(Mthres/2) for q = 1. Λ̃ describes the dom-
inant EoS effects during the GW inspiral and is thus
measurable [1, 17, 133–141]. It is defined by Λ̃ =
16
13(M1+M2)5
((M1 + 12M2)M
4
1 Λ1 + (M2 + 12M1)M
4
2 Λ2)
with tidal deformabilities Λ1(2) of the individual binary
components [142–144]. Λ(M) is a stellar structure pa-
rameter and fully determined by the EoS through Λ1(2) =
2
3k2(R1(2)/M1(2))
5 with the tidal Love number k2(M)
and stellar radius R(M) (factors of G and c suppressed).
The tidal deformability monotonically decreases with
mass. Therefore, Λ̃thres can be obtained from mea-
surements of systems with different Mtot around Mthres
through a simple interpolation. The tight relation in
Fig. 1 implies that a sufficiently accurate measurement
of Mthres and Λ̃thres determines the currently unknown
maximum mass of nonrotating NSs. The data in Fig. 1
is well described by a bilinear fit
Mmax(Mthres, Λ̃thres) = aMthres + bΛ̃thres + c, (1)
with a = 0.632, b = −0.002 M and c = 0.802 M. The
maximum residual of this fit is only 0.067 M, implying
a potentially very accurate measurement of Mmax (see
Tab. I for fits with an enlarged set of EoSs). The aver-
age deviation between Eq. (1) and the underlying data
is only 0.02 M. As an example, assuming Mthres to be
measured within 0.05 M and Λ̃thres within 5%, an error
propagation through Eq. (1) yields ∆Mmax = 0.06 M.
For q = 0.7 we obtain a similarly tight relation for
hadronic EoSs with a maximum residual of 0.078 M
(Tab. I). For the same EoS Mthres of asymmetric systems
is comparable to the one of equal-mass mergers (either
equal or at most 0.2 M smaller). Moreover, we find
the difference in Mthres to depend systematically on the
EoS (fit 12 in Tab. I). In an accompanying publication
we describe the systematic impact of the mass ratio in
more detail and provide an intuitive explanation [103].
Based on our models we provide additional fits in
Tab. I quantifying their quality by the maximum resid-
ual and the average deviation between fit and data. For
these relations we select different subsets of our data mo-
tivated by different assumptions on which additional in-
formation may be available (e.g. about q or the pres-
ence of a phase transition). For instance, we consider
only purely hadronic EoS models or a full set of EoSs
including hybrid models with phase transitions, or we in-
clude binaries with a fixed mass ratio or a range in q.
We also employ different independent variables, which
may be measured more precisely in comparison to the
quantities in Eq. (1). This includes (i) the chirp mass
Mc = (M1M2)3/5/(M1 + M2)1/5 if the mass ratio is
not well constrained or strongly differs among the differ-
ent events which are combined to determine Mthres, (ii)
the tidal deformability Λ1.4 of a 1.4 M NS, which may
be more accurately and independently measured than
Λ̃thres, or (iii) the radius R1.6 of a 1.6 M NS. We stress
that cases (ii) and (iii), i.e. fits 8 to 11, are very promis-
ing when Λ1.4 or R1.6 are measured in a high SNR GW
detection or by another astronomical observation, e.g. by
NICER [145–147].
Generally, all these choices lead to tight relations
describing the collapse behavior. This is not unex-
pected considering the previously found relation Mthres =
(−3.606GMmaxc2R1.6 +2.38)Mmax for a smaller set of EoS mod-
els and only equal-mass mergers [8, 148]. NS radii are
roughly constant in a considerable mass range around
Mthres/2 and the tidal deformability is known to scale
approximately with NS radii. In comparison to pre-
vious results, the new relations presented here allow a
more direct and more general implementation in anal-
ysis pipelines or waveform models because they involve
quantities which are directly measurable from the GW in-
spiral (of the same event) and do not rely on additional
information e.g. about R1.6. They also include asym-
metric binaries. We remark that the functional form of
our new fits like Eq. (1) is more physical compared to
relations in [8], which features a unphysical decrease of
Mthres with Mmax in a very small range of the param-
eter space. Finally, we directly compare the relations
Mmax(Mthres, Λ̃thress) (Eq. (1)) and Mmax(Mthres, R1.6)
(inverted relation from [8]). The maximum residual is
0.067 M for the new relation compared to 0.26 M for
the latter (see also fit 10 in Tab. I). Hence, the rela-
tions describing the collapse behavior in this work are
significantly more accurate while they even include more
models and consider asymmetric mergers.
Physically, relations as Eq. (1) are understandable.
Mthres is determined by two roughly independent EoS
properties, namely Λ̃thres characterizing the EoS stiffness
at moderate densities and Mmax at very high densities,
both of which increase Mthres. For fixed Mthres this im-
plies that Λ̃thres has to decrease with Mmax.
We emphasize that already a single measurement of
Mtot and Λ̃ can yield a strong constraint on Mmax. In-
dications for a prompt collapse in a detection imply
Mtot > Mthres and Λ̃ < Λ̃thres. From this follows through
Eq. (1) that the actual maximum mass of nonrotating
NSs is smaller than Mmax(Mtot, Λ̃) (note the minus sign
of the fit parameter b). If a measurement provides evi-
dence for no direct BH formation, the maximum mass
of NSs has to be larger than Mmax(Mtot, Λ̃) because
Mtot < Mthres and Λ̃ > Λ̃thres
2.
Further applications: All relations in Tab. I are bilin-
ear and thus easy to invert for other applications requir-
2 For instance, a prompt (delayed) collapse event with Mtot =
3.0 M and 150 < Λ̃ < 250 implies Mmax < 2.40 M (Mmax >
2.20), which may be further tighten by incorporating additional
Λ̃ data from other events.
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no. fit EoS sample q a b c max. dev. av. dev.
1 Mmax = aMthres + bΛ̃thres + c base sample 1.0 0.632 -1.866e-03 0.802 0.067 0.023
1e Mmax = aMthres + bΛ̃thres + c base sample + 8 excl. had.
a 1.0 0.63 -2.002e-03 0.841 0.106 0.031
2 Mmax = aMthres + bΛ̃thres + c base sample 0.7 0.621 -6.637e-04 0.582 0.078 0.023
3 Mmax = aMthres + bΛ̃thres + c base sample 1.0 and 0.7 0.53 -7.409e-04 0.833 0.153 0.051
4 Mmax = aMthres + bΛ̃thres + c base sample + 9 hyb. 1.0 0.477 -1.156e-03 1.077 0.138 0.054
5 Mmax = aMthres + bΛ̃thres + c base sample + 4 hyb.
b 1.0 0.627 -1.840e-03 0.811 0.089 0.028
6 Mmax = aMc,thres + bΛ̃thres + c base sample 1.0 and 0.7 1.073 -6.956e-04 1.018 0.166 0.057
7 Mmax = aMc,thres + bΛ̃thres + c base sample + 9 hyp 1.0 and 0.7 0.899 -4.680e-04 1.167 0.203 0.066
8 Mmax = aMthres + bΛ1.4 + c base sample 1.0 1.47 -1.166e-03 -1.714 0.08 0.039
9 Mmax = aMthres + bΛ1.4 + c base sample 0.7 1.052 -5.709e-04 -0.671 0.072 0.03
10 Mmax = aMthres + bR1.6 + c base sample 1.0 1.685 -2.761e-01 0.488 0.078 0.029
11 Mmax = aMthres + bR1.6 + c base sample 0.7 1.143 -1.318e-01 0.412 0.07 0.021
12 Mq=1thres −M
q=0.7
thres = aMmax + bR1.6 + c base sample 1.0 and 0.7 -0.285 4.859e-02 0.079 0.061 0.019
aWe include 8 hadronic EoS incompatible with [1].
bWe include hybrid models with (Mthres, Λ̃thres) below the dashed
line in Fig. 2.
TABLE I: Different bilinear fits describing the collapse behavior (see main text). Third and fourth columns list the data set
employed for the fit specifying the sample of EoSs and the binary mass ratio q. a, b and c are fit parameters. Last two columns
provide the maximum and average deviation between fit and the underlying data. All units are such that masses are in M
and radii in km; Λ is dimensionless.
ing for instance Mthres or the tidal deformability to be
the dependent quantity (applications 3 and 4). We stress
that one can exploit our different relations describing the
collapse behavior even if some parameters are poorly con-
strained as for instance in [36–38] yielding a lower bound
on NS radii of about 11 km.
Our models also show that the range of Λ̃thres is rel-
atively large: for equal-mass mergers 200 . Λ̃thres .
450, whereas 200 . Λ̃thres . 650 for q = 0.7 [103],
which is significantly broader than previously assumed
(cf. [31, 149, 150]). Hence, only for Λ̃ < 200 a prompt col-
lapse can be assumed, while depending on q only events
with Λ̃ & 650 may safely be classified as no direct col-
lapse. This is for example relevant for kilonova observa-
tions and GW searches to determine whether there may
be contributions from strong postmerger GW emission.
These ranges imply that independent of Mmax the tidal
deformability of a 1.37 M NS has to be larger than
about 200 following the arguments in Ref. [36, 39, 41, 48]
favoring a delayed collapse in GW170817. This limit is
less than the one reported in [39, 40], but our data clearly
shows that current observations do not exclude EoSs with
Λ1.37 > 200 in line with [36, 41, 151].
New signature of phase transition: By additionally
considering the results with hybrid EoSs, we identify a
new observable signature of the hadron-quark phase tran-
sition, which may occur in NSs. Figure 2 shows Λ̃thres as
function of Mthres for all EoSs with q = 1. It is striking
that all 28 purely hadronic models are located below the
dashed line given by
Λ̃hybridthres = 488(Mthres/M)− 1050, (2)
2.8 3.0 3.2 3.4
Mthres [M]
200
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FIG. 2: Combined tidal deformability of binaries at the
threshold to prompt BH formation as function of the thresh-
old binary mass Mthres for direct collapse for different hy-
brid EoSs (green points) and purely hadronic EoSs (black
points; small symbols are models incompatible with the tidal
deformability inference from GW170817, two of such EoSs
at Mthres > 3.4 M are not shown). Overplotted crosses
mark hyperonic EoSs. Red plus sign displays ALF2 EoS,
where quark matter resembles properties of hadronic mat-
ter [120, 123]. Dashed line indicates a boundary beyond which
only hybrid models exist (Eq. (2)). Only for hybrid model
with the highest Mthres, we find Monset < Mthres/2, i.e. an
inspiral of hybrid stars at Mthres, which explains the slight
deviation from a virtual line formed by the other hybrid EoSs
that are based on the same hadronic EoS below Monset.
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whereas most hybrid models with a phase transition oc-
cur above this curve, i.e. at relatively small Mthres
but larger Λ̃thres. Hence, a combined measurement of
(Mthres, Λ̃thres) with Λ̃thres > 488(Mthres/M)−1050 pro-
vides strong evidence for the presence of a phase transi-
tion.
A strong phase transition induces a softening of the
EoS at higher densities and thus destabilizes the merger
product, i.e. yields a relatively small Mthres. For most of
these models Mthres/2 is smaller than the smallest mass
Monset at which quark matter appears in nonrotating
NSs. Hence, the inspiralling stars are purely hadronic
and the corresponding tidal deformability Λ̃thres does not
carry any information about the phase transition and is
thus relatively large. To some extent this effect is compa-
rable to results in [67], where a stronger compactification
of the merger remnant by the phase transition leads to a
characteristic increase of the postmerger GW frequency.
This explains our finding and solidifies that the described
signature through the criterion in Eq. (2) is indicative of
a phase transition. For q = 0.7 we find a qualitatively
similar behavior [103].
We stress several advantages of this new signature to
uncover the hadron-quark phase transition in NS merg-
ers. (1) Λ̃thres does not need to be determined with very
high precision in comparison to the accuracy which would
be required to detect a relatively weak kink at Monset in
Λ(M) indicating a phase transition (e.g. Fig. 3 in [41]). A
precision of 10% to 30% is sufficient. (2) For most hybrid
EoSs studied here Mthres/2 < Monset, which implies that
Λ̃thres is larger than Λ(Monset) and thus easier to measure
(because of stronger finite-size effects and possibly more
frequent systems). Detecting a phase transition with high
Monset becomes increasingly challenging for methods em-
ploying only the GW inspiral [74, 75], in which case our
signature is particularly promising because it is sensitive
to the very high-density regime. (3) Already a single
measurement with a constraint on (Mthres, Λ̃thres) may
reveal indications of a phase transition. (4) Mtot can be
measured with very good precision and there are a num-
ber of different signals potentially revealing the merger
product, e.g. postmerger GWs, kilonovae, and possibly
gamma-ray bursts, implying that a sufficient Mthres de-
termination is conceivable in the near future. In fact,
all in principle required observables have already been
measured [1, 4].
Notably, not all hybrid EoSs lie in the “hybrid regime”
above the dashed line in Fig. 2. These are models with a
very strong stiffening of the EoS in the quark phase (with
Mmax exceeding the one of the purely hadronic reference
model; see Fig. 2 in the Supplemental Material in [67]).
One may refer to this as a coarse variant of the masquer-
ade problem [120], where hybrid models roughly resemble
the mass-radius relation of purely hadronic EoSs. The
stiffening leads to a stabilization of the merger product
and thus to a relatively large Mthres and consequently a
relatively small Λ̃thres ≡ Λ(Mthres/2). A (Mthres, Λ̃thres)
below the dashed curve does thus generally not allow to
infer the nature of high-density NS matter. However, the
hadronic models slightly below the dashed line are those
which feature a transition to hyperonic matter. Hence,
the proximity to the dash curve indicates a softening of
the EoS at higher densities and possibly the occurrence
of a phase transition.
Conclusions: Future work should consider an even
larger set of hybrid EoSs because our current models
vary the properties of the quark phase but employ the
same hadronic EoS at densities below the phase transi-
tion. This hadronic reference model lies in the middle of
the range given by current astrophysical and experimen-
tal constraints [1, 36, 42, 43, 57, 141, 152–156]. We thus
expect that other hybrid models show the same behavior;
such models should essentially be shifted parallel to the
dashed line. An even larger set of EoSs may be used to
refine the boundary between the pure “hybrid regime”
and the mixed “hadronic and hybrid regime”.
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[55] F. Özel and P. Freire, Annual Review of Astronomy and
Astrophysics 54, 401 (2016).
[56] J. M. Lattimer and M. Prakash, Physics Reports 621,
127 (2016).
[57] M. Oertel, M. Hempel, T. Klähn, and S. Typel, Reviews
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